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Hepatocytes release extracellular vesicles (EVs) loaded with signaling molecules and enzymes into the
bloodstream. Although the importance of EVs in the intercellular communication is already recognized,
. the metabolic impact of the enzymes carried by these vesicles is still unclear. We evaluated the global
. effect of the enzymatic activities of EVs by performing untargeted metabolomic profiling of serum
samples after their exposure to EVs. This approach revealed a significant change in the abundance
of 94 serum metabolic signals. Our study shows that these vesicles modify the concentration of
metabolites of different chemical nature including metabolites related to arginine metabolism, which
regulates vascular function. To assess the functional relevance of this finding, we examined the levels
of arginase-1 protein and its activity in the hepatic EVs carrying the exosomal markers CD81 and CD63.
: Remarkably, the arginase activity was also detected in EVs isolated from the serum in vivo, and this
© vesicular activity significantly increased under liver-damaging conditions. Finally, we demonstrated
. that EVs secreted by hepatocytes inhibited the acetylcholine-induced relaxation in isolated pulmonary
. arteries, via an arginase-dependent mechanism. In summary, our study demonstrates that the
hepatocyte-released EVs are metabolically active, affecting a number of serum metabolites involved in
oxidative stress metabolism and the endothelial function.

Hepatocytes, like most cell-types, secrete extracellular vesicles (EVs) into the extracellular milieu. Since their first
description and characterization’, the interest in their possible biomedical applications has been growing expo-
. nentially. Most of the studies of EVs have used them to identify low-invasive disease biomarkers for diagnostic
. purposes (reviewed in ref. 2). However, the biological role of EVs is still mostly unknown. In the hepatic context,
. the first insights into their activity have been provided by the analysis of the EVs obtained from a liver-derived cell
. line with stem cell properties’. The EVs released by this cell line can induce the in vitro proliferation and apoptosis
© resistance of hepatocytes and stimulate the proliferation of tubular epithelial cells. In vivo, these EVs contribute
. to liver regeneration after experimental hepatectomy and acute liver damage®~. Furthemore, it has been shown
. that hepatocyte-derived EVs deliver the enzyme sphingosine kinase 2 to form sphingosine-1-phosphate in the
. targeted hepatocytes, resulting in cell proliferation and liver regeneration after partial hepatectomy®. It has been
recently reported that such EVs mediate the activation of macrophages during the development of non-alcoholic
. steatohepatitis’. They might also be involved in the initial development of drug-induced liver injury®’. The availa-
© ble data support the notion that the hepatic EVs play an important role in different physiological and pathological
. processes.
: Cells release different types of EVs, from 30 to 5,000 nm in size. The EVs comprise mainly the
endosome-originated exosomes, plasma membrane-derived microvesicles, and apoptotic bodies, with different
cargos and physiological properties'®. Our group has demonstrated that the hepatocytes release small EVs (below
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Figure 1. Wide representation of metabolic pathways in hepatocyte-secreted EVs. Enzymes previously
described in hepatocyte-secreted EVs!! were mapped in the complete map of cellular metabolic pathways by
using KEGG Mapper-search & color pathway tool. Enzymes detected in hepatic EV's are highlighted in blue.
Cellular pathways that are represented in hepatocyte-secreted EVs are indicated with labels.

220 nm), which, in addition to known exosomal markers, contain over 200 various enzymes"!! that cover a wide
range of cellular pathways (Fig. 1). These enzymes are involved in many different processes, such as anabolism
and catabolism of macromolecules and the energy and drug metabolism. This functional diversity makes it diffi-
cult to form an integrated view of the function of hepatocyte-derived EVs in the extracellular space.

Metabolomics based on ultra-high-performance chromatography coupled to mass spectrometry (UPLC-MS)
is a sensitive technology for the simultaneous analysis of thousands of metabolites (i.e., molecules smaller than
2,000 Da)'2. This technology offers the unique possibility to cover a wide spectrum of cellular and metabolic
pathways by employing several metabolite extraction methods in combination with various chromatography con-
ditions. Such comprehensive coverage allows the elucidation of mechanisms of action and functions of complex
macromolecules in an integrated and unbiased manner'®. We have recently reported by targeted metabolomics
that hepatocytes-derived EVs are able to affect the serum levels of several lipids supporting the presence of active
enzymes involved in lipid metabolism'. Here, we applied an untargeted metabolomics approach to study the
global effect of the enzymatic activities carried by small EVs (secreted by primary rat hepatocytes) on the serum
metabolic profile. Serum incubated with EV's showed significant changes in the abundance of several metabo-
lites, including L-arginine, ornithine, citrulline, glutamate, 3-methyl-L-hisyidine, anserine, LPC(14:0), glycer-
ophosphocholine, deoxyinosine, and ascorbic acid. The metabolic context of these molecules suggests the EV
involvement in the metabolism of arginine, histidine, ammonia, lipids, purines, and in the oxidative metabolism.
Interestingly, we demonstrated the presence of the enzyme arginase-1 (Argl) in these vesicles, in accord with
the reduced levels of arginine and increased levels of ornithine in samples incubated with EVs. This enzyme is
responsible for the conversion of arginine into ornithine, a critical regulatory step in the synthesis of nitric oxide
and the vascular function'. Finally, we also demonstrated that the small hepatic EVs regulated the endothelial
function (assessed under acetylcholine stimulus) in dissected pulmonary arteries, via an arginase-dependent
mechanism.

Results

Metabolic serum profiling. To study the global enzymatic activity of hepatic EVs, rat serum samples were
incubated for 1h at 37°C in the presence of 70 ug/ml (in all the cases referred to EV protein content) of small EV's
secreted by primary rat hepatocytes (Fig. 2). In parallel, separate tubes containing rat serum samples or EVs were
also incubated and used to exclude the metabolic changes not caused by the EVs. To achieve a robust statistical
analysis, we used seven biological replicates with EV's obtained from the primary hepatocytes of seven independent
rats. After the incubation, polar and apolar metabolites were extracted and analyzed using UPLC-MS, employing
the Amide and C8 chromatographic columns as described in Materials and Methods section. This comprehensive
UPLC-MS analysis allowed us to cover a wide range of molecules of the serum metabolome. We detected 5,732
metabolic signals; they were normalized by total peak area and corrected for QC time, depending on the intensity
shift of the UPLC-MS system. Afterward, the data were visually inspected using the PCA, an unsupervised pattern
recognition method initially used to discern the differences between spectral profiles (Fig. 3). The QC samples
were clustered together, indicating a good performance of the UPLC-MS system. Interestingly, the PCA analysis
also revealed that the metabolic profile discriminated serum samples that were incubated at 37°C in the presence
of EV's from the samples incubated without EVs. This result suggested that small EV's released from hepatocytes
were metabolically active and affected the serum metabolome. Ninety-four metabolic peaks were differentially
expressed in the two groups. Among them, we identified 12 serum metabolites whose levels were significantly
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Figure 2. Untargeted metabolomics approach for studying the global metabolic effect of EV's secreted

by primary rat hepatocytes. Rat serum samples were incubated for 1 h at 37°C in the presence of small EV's
secreted by primary rat hepatocytes (n=7; each EV preparation was obtained from a different rat). As a control,
in parallel, tubes containing rat serum or small EV's were separately incubated for 1 h at 37°C, and combined
after cooling down on ice (n=7; in the case of serum each sample was an aliquot of pooled serum samples.
Each EV preparation was obtained from a different rat). After incubation, polar and apolar metabolites were
extracted using methanol/water/chloroform as indicated in the Material and Methods. Afterward, the extracted
metabolites were analyzed using UPLC-MS, employing Amide and C8 chromatographic columns and positive
and negative ESI mode. Data were processed to detect and identify the metabolites differentially expressed in
the serum samples incubated at 37 °C together or separately with EVs.

modified by the incubation with EV's (Table 1). While the serum levels of some of these metabolites such as ascor-
bic acid, citrulline, arginine, and LPC(14:0) were significantly reduced, the levels of others (3-methyl-histidine, glu-
tamyl-alanine, deoxyinosine, glutamate, glycerophosphocholine, anserine, ornithine, and methyl-arginine) were
significantly enhanced by the enzymatic activity of the hepatic EVs (Table 1). The results of mapping these metab-
olites using the KEGG pathway database (Table 2) suggested an extracellular physiological role of the small hepatic
EVs in the oxidative response, purine and protein synthesis, and in lipid, histidine, and arginine metabolism.

Arginase-1 activity is associated with the hepatocyte-derived small EVs. Three (arginine, orni-
thine, and citrulline) out of the twelve serum metabolites whose levels were altered by the hepatic EVs belong
to the arginine metabolism, a key regulator of nitric oxide levels and vascular function. The relative changes in
the levels of arginine and ornithine accounted for 44% and 68% of the initial concentrations, indicating a strong
effect of the hepatic EVs on the extracellular metabolism of these two amino acids. The transformation of argi-
nine into ornithine is a well-known reaction catalyzed by arginases. The enzymes come from two sources. Argl
is found in the cytosol of the hepatocytes, where it is involved in the urea cycle, a chain of reactions removing
the toxic ammonium. Arginase 2 (Arg2) is located mainly in the mitochondria of extrahepatic tissues'®. Our
previous proteomics analysis study has reported the presence of Argl in small EVs derived from rat hepatocytes!.
Here, our unbiased metabolomics approach showed that the hepatic EVs reduced the serum levels of arginine
and increased the levels of ornithine (Table 1). To examine the arginase activity of EVs using an independent
and easily accessible method, we employed a commercial colorimetric assay based on the production of urea, a
sub-product of the conversion of arginine into ornithine. We detected significant arginase activity associated with
the EV preparations (Fig. 4A). Notably, the EV-associated arginase activity was sensitive to the treatment with
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Figure 3. Metabolic effect of hepatocyte-secreted EVs. Principal component (PC) analysis of the serum
metabolic profiles obtained by untargeted UPLC-MS metabolomic analysis of serum samples incubated with or
without EVs (as described in the Material and Methods). Quality control (QC) samples are a pool of aliquots of
all samples. QC samples are clustered together, indicating a good performance of the UPLC-MS system. Note:
EVs induced sufficient changes in the serum metabolome to distinguish between the serum samples incubated
at 37°C together or separately with hepatic EVs.

Ascorbic acid —25% (423%) 0.04
Glutamate 4% (£4%) 0.04
Methyl-histidine 18% (+6%) 0.0003
Anserine 34% (+14%) 0.001
Ornithine 69% (£17%) 0.00005
Arginine —45% (+19%) 0.001
Methyl-arginine 10% (+£7%) 0.013
Glutamyl-alanine 6% (+£4%) 0.006
Citrulline —9% (+8%) 0.04
Deoxyinosine 295% (£163%) 0.004
Glycerophosphocholine 8% (£5%) 0.004
LPC(14:0) —15% (£13%) 0.032

Table 1. Serum metabolites modified by small EVs secreted by hepatocytes. % Deviation =100% x

(Ajne — A)/Ao where Ay is the peak area for the serum incubated with EVs and A, the peak area for the
control incubations (i.e., serum and EVs incubated separately, which could be considered as the initial level of
the specific metabolite).

N“-hydroxy-L-arginine (NOR-NOHA), an inhibitor of arginase'’, confirming the presence of this specific activity
in the EV's preparations. Cryo-EM analysis and nanoparticle-tracking analysis (NTA) confirmed the presence of
membrane vesicles of 70-300 nm in size (Fig. 4B,C), and immuno-EM using an antibody against Argl further
confirmed the association of this enzyme with a population of EV's (Fig. 4D). It is also worthy to note that in addi-
tion to vesicles, electron microscopy also showed other structures that may be compatible with different source of
contaminating material such as protein aggregates. To obtain further confirmation of the presence of Argl pro-
tein and its activity in small EVs and to exclude the possible association with protein aggregates, we fractionated
the EV preparation in a continuous sucrose density gradient (Fig. 5). The Argl protein and arginase activity were
clearly detected in the same fractions as the exosomal protein markers Aip1/Alix, CD81, CD63, Rab8, CD26, and
Hsp70. We detected the Arg2 protein in the kidney protein extract but not in the hepatic EV preparations (Fig. 5),
indicating that the enzyme responsible for the arginase activity in the hepatocyte-secreted EVs is Argl.

Liver-damaging conditions increase EV-associated arginase activity in vitro and in vivo.
We studied the hepatic EV-associated arginase activity under liver-damaging conditions. We examined the
EVs released by untreated (control) primary rat hepatocytes and the hepatocytes treated with galactosamine,
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Arginine and proline metabolism 44 3
Histidine metabolism 15 2
Glutathione metabolism 26 2
Glycerophospholipid metabolism 30 2
Ascorbate and aldarate metabolism 9 1
Nitrogen metabolism 9 1
Aminoacyl-tRNA biosynthesis 67 2
beta-Alanine metabolism 19 1
Purine metabolism 68 1

Table 2. Metabolic pathways represented by the metabolites altered by the EVs. “Pathways were analyzed
using KEGG color and pathway tool. "Number of metabolites involved in the pathway. ‘Number of metabolites
detected in the study.
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Figure 4. Arginase activity in small EVs secreted by primary rat hepatocytes. (A) Arginase activity was
evaluated, using a colorimetric assay, in the absence or presence of arginase inhibitor NOR-NOHA (n=2;
p=0.02; error bars represent S.D.). (B-D) EV preparations (n = 3) characterized using cryo-EM

(B), nanoparticle-tracking analysis (C) and immuno-EM with an antibody against Argl protein

(D) Bar=100nm.

diclofenac, or acetaminophen (Fig. 6A). Arginase activity was significantly higher in EV's from hepatotoxicant-
treated hepatocytes. Then, we checked whether this in vitro increase could also be observed in vivo, by extract-
ing the serum and circulating EV's from the untreated and hepatotoxicant-treated rats. We observed a ten-fold
increase in arginase activity in the serum of rats treated with different hepatotoxicants in comparison with the
samples from untreated rats (Supplemental Figure 1A). The increase in the serum arginase activity was positively
correlated with the serum glutamic-oxaloacetic transaminase (GOT) activity (Supplemental Figure 1B). A sig-
nificant increase in arginase activity was also observed in circulating EV's isolated from the serum of rats treated
with the hepatotoxicants (Fig. 6B).

Our results strongly support the idea that the hepatocytes secrete small EVs with exosomal features, contain-
ing active Argl enzyme. Importantly, under liver-damaging conditions, the hepatocyte-secreted EVs contain
more arginase activity that could be systemically disseminated through the bloodstream, facilitating both parac-
rine and long-distance effects.
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Figure 5. Arginase 1 is associated with exosomes-like vesicles. EV's secreted by primary rat hepatocytes were
fractionated using a continuous sucrose density gradient. The fractions were assayed using Western blotting (A)
with antibodies against indicated proteins and arginase activity (B). Note: Arginase-1 protein and activity co-
fractioned with exosomal markers Aip1/Alix, CD26, Rab8, CD81, CD63, and Hsp70.

Arginase inhibition prevents EV-induced pulmonary endothelial dysfunction. Finally, we
evaluated the physiological effect of the vesicle-associated arginase activity. Arginine is the substrate for nitric
oxide synthases. An increased arginase activity is associated with defective endothelial nitric oxide (NO)
synthesis and activity, i.e., causes the endothelial dysfunction'®. In agreement with our in vitro results, the
endothelium-dependent relaxant responses to acetylcholine were significantly reduced in the pulmonary arteries
(PA) exposed to hepatocyte-derived small EVs for 2h (Fig. 7A,C). Remarkably, the EVs produced under liver
damaging conditions (i.e. APAP treatment) showed higher endothelial dysfunction effects (Fig. 7C). These effects
were fully suppressed by the arginase inhibitor NOR-NOHA (Fig. 7B,D). In contrast, none of the treatments
affected the responses induced by ACh following the inhibition of eNOS by L-NG-nitroarginine methyl ester
(L-NAME) (Fig. 7E,F) or the endothelium-independent relaxation induced by SNP (Supplemental Figure 2).
Interestingly, under our experimental conditions we were able to detect EVs attached to the endothelium of the
pulmonary artery. Since the confocal microscopy employing fluorescently labeled EVs only showed nucleus of the
cells, we could not assure whether EVs were captured or just interacted with the surface of the endothelial cells
(Fig. 8). This result apart of showing that hepatic EVs could be incorporated by the endothelium of pulmonary
artery, also support that EV-mediated arginine depletion occur inside the endothelium, where eNOS is localized.

Discussion

Although several works have already shown the presence of enzymatic activities associated to EVs including ace-
tylcholinesterase!?, carboxylesterase!!, ATP- and 5 AMP-phosphohydrolytic activity?®, no much information of
the integrated actions of the enzymatic content of EVs has been reported so far. In the current work, by applying
an untargeted approach we focused on the global metabolic effect of the hepatocyte-released EVs on the composi-
tion of the serum, one of the two bodily fluids (the second is the bile) into which the hepatocytes can release their
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Figure 6. The increase in the level of vesicular arginase activity in vitro and in vivo under hepatotoxic
conditions. (A) Arginase activity detected in EV's secreted by primary rat hepatocytes untreated (control)
or treated with indicated drugs (n=3; ANOVA p=0.02; error bars represent S.E.M.). (B) Arginase activity
detected in EVs isolated from serum of rats treated with vehicle (control) or indicated drugs (n = 3; ANOVA
P <0.001 error bars represent S.E.M.). In all cases, the arginase activity (U/L) was normalized to the activity
values detected in the control.

vesicles. Our method for the isolation of the EVs, including filtration through 220-nm pore filters and two con-
secutive ultracentrifugation steps, favored the enrichment in small EVs (below 220 nm). Our group has already
performed a deep molecular characterization of these vesicles"!?!. We have shown that, on the basis of their
protein content, size range, and density, our vesicles population mostly consists of exosomes and small microve-
sicles, according to the ISEV standards®. In the current work, we examined the function of these vesicles. Given
their complex enzyme cargo"!!, we decided to employ a comprehensive and unbiased metabolomics approach to
analyze their global effects on the metabolite composition of the serum. We focused on the metabolites signifi-
cantly and differentially expressed in the serum samples incubated at 37 °C with and without EVs. In concordance
with the enzymatic diversity of the small hepatic EVs!!, we identified changes in the abundance of metabolites
of different chemical nature. We detected changes in the levels of a purine-related compound (deoxyinosine), a
vitamin (ascorbic acid), 2 lipids (glycerophosphocholine and lysophosphatidylcholine), and several amino acids
and related compounds (arginine, N-methyl-L-arginine, ornithine, citrulline, glutamate, 3-methyl-L-histidine,
glutamyl-alanine, and L-anserine).

The most dramatic change was observed in the serum levels of the deoxyinosine. The abundance of this purine
nucleoside increased by an average of 4-fold after the incubation with hepatic EVs. Interestingly, purine nucleo-
sides can be used by mammalian cells as an energy source to replenish ATP; there is growing evidence indicating
that they exert a protective effect during stress conditions**-2°. The proposed mechanism involves the pentose
phosphate pathway and glycolysis; the sugar moieties of the nucleosides are converted to the molecules that can
be used as an energy source. It has been shown recently that the hepatoma cell line Huh-7 can use deoxyinosine as
an energy source under glucose deprivation conditions and in the presence of FCCP (an inhibitor of mitochon-
drial respiration)®. Our discovery of hepatic EVs generating deoxyinosine suggests that one of the possible roles
of these vesicles is generate the energy substrates in the extracellular environment during the response to injury.
However, further investigation is required to confirm the fuel potential of hepatic EVs suggested by our study.

Another two metabolites whose serum levels increased due to the enzymatic activity of hepatic EVs
were methyl-histidine and anserine. These two metabolites are involved in the same metabolic pathway.
Methyl-histidine is the precursor of anserine, a dipeptide that acts as a natural antioxidant against reactive oxygen
species?’. We also found increased levels of 5-L-glutamyl-L-alanine, a substrate of the enzyme gamma-glutamyl
transpeptidase. This enzyme plays a key role in the synthesis and metabolism of extracellular glutathione, another
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Figure 7. Pulmonary endothelial dysfunction induced by EVs is prevented by the inhibition of arginase.
(A,B) Representative tracings showing the relaxant effects induced by acetylcholine (ACh) in the pulmonary
arteries (PA). PAs were pre-incubated for 2 h under control conditions (control) or after treatment with EVs
(50 pg/mL) in the absence (A) or presence (B) of the arginase inhibitor N*-hydroxy-nor-L-Arginine (NOR-
NOHA, 10 ng/mL) and mounted on a wire myograph. (C,D) Concentration-dependent relaxation induced

by the endothelium-dependent vasodilator ACh in control (n =7, different rats), APAP-EVs-treated (red dot,
n=4) or EV-treated (black dot, n=6) rat PA rings incubated in the absence (C) or presence of NOR-NOHA (D).
(E,F) Concentration-dependent contraction induced by ACh following treatment with the eNOS inhibitor
L-NAME in control or EV-treated rat PA rings incubated in the absence (E; n=>5) or presence of (F; n=4)
NOR-NOHA. Results are expressed as a percentage of the relaxation induced by ACh. *p < 0.05 versus control
(repeated measures ANOVA followed by Bonferroni’s post hoc test). Error bars represent S.E.M.

major natural antioxidant®. Moreover, we detected a decrease in the serum levels of ascorbic acid (vitamin C),
also a natural antioxidant®.

Our results are in accord with reports showing the pro-regenerative role of liver-derived EVs*=. It is likely
that, in the extracellular environment, the hepatic EV's can provide energy substrates and are involved in oxidative
stress response to achieve tissue regeneration.

Interestingly, we found that the levels of four metabolites associated with the nitric oxide metabolism, argi-
nine, ornithine, citrulline, and N-methyl-L-arginine (an inhibitor of nitric oxide synthase), were affected by the
incubation with hepatic EVs. The presence of Argl in EVs! explains the consumption of the serum arginine.
Using immunolabeling electron microscopy, we observed the presence of Argl associated to the membrane, a
phenomenon that has been reported in red blood cells, mediated by the protein Flotillin-1%, a protein present
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Figure 8. Incorporation of hepatic EVs into endothelium of pulmonary artery. Arteries were dissected and
incubated with Dil-labeled EVs or residual non-vesicular Dil as described in Materials and method section. Two
representative confocal images of each condition are depicted. Dil-label is in red, autofluorescence due to elastin
is in green and DAPI (nucleus) is in blue. Lumen of the artery is indicated by “L” and white arrows pointed the
presence of Dil-labeled EVs in the endothelium of the artery. Bar, 20 pm.

as well in hepatocytes-derived EVs?!. An increase in the serum arginase activity caused by hepatotoxicity is a
well-known phenomenon®"*2. It has also been observed an increase of circulating EVs related to liver damage™®.
Besides, in the current work we observed also an increase of Argl activity in the EVs coming from injured hepat-
ocytes. It has been proposed that the arginine depletion created by this enzyme is responsible for liver damage
caused by ischemia and reperfusion®. Our study confirms that the hepatic EVs carrying active Argl might be one
of the factors responsible for this local damage. Furthermore, acute and chronic liver diseases are often associated
with complications in remote organs®. The lung is one of the organs that might be affected by hepatic pathogenic
processes®. An acute lung injury is relatively common (20-30%) in patients with acute liver failure®. Cirrhosis
and portal hypertension might be associated with pulmonary hypertension or hepatopulmonary syndrome®.
Although several different mechanisms might be involved in such pulmonary complications, EVs are likely can-
didates for mediators of these remote organ complications of liver diseases. Indeed, the levels of circulating EV's
increase in patients with cirrhosis*, pulmonary hypertension®**, or acute lung injury*'. Even though the cellular
origin of these EVs is unclear, our data suggest that the hepatic EVs might induce pulmonary endothelial dys-
function by delivering their arginase cargo, and thereby propagating the injury to the lung.

Endothelial dysfunction is a common feature in pulmonary vascular diseases, including pulmonary hyperten-
sion*2. To find out whether the EV-derived arginase has a role in the pulmonary vascular function, we analyzed
the arterial reactivity to ACh in isolated PA incubated with EVs. The relaxant response to ACh was abolished
by the eNOS inhibitor L-NAME, indicating its full dependence on NO. After treatment with EV’s, the relaxant
response to ACh was inhibited, suggesting a decreased bioavailability of NO. Notably, the arginase inhibitor
NOR-NOHA prevented the endothelial dysfunction induced by EVs. This is consistent with a reduced NO syn-
thesis caused by a diminished substrate (i.e., arginine) availability. However, co-incubation with NOR-NOHA had
no effect on endothelium-dependent vasodilation in control PA. This result indicated a low basal vascular argin-
ase activity under control conditions. The finding that NOR-NOHA improves endothelial dysfunction in patients
with coronary artery disease, but does not affect endothelium-dependent vasodilation in control subjects®, sup-
ports this interpretation. Interestingly, the reduction in NO synthesis might be heightened in vivo; the serum
contains N-methyl-L-arginine, which competes with arginine for the nitric oxide synthase. In fact, eNOS activity
is strongly dependent on the arginine/N-methyl-L-arginine ratio*. In contrast, the responses to the NO donor,
nitroprusside, were unaffected by EVs, ruling out their effect on the sensitivity of the smooth muscle cells to the
NO/cGMP pathway activity. In these functional experiments, the analysis of vascular reactivity was carried out in
the absence of EVs, and importantly under our experimental conditions some EVs were inside the endothelium
of pulmonary artery. Thus, the results suggested that the arginase activity was closely attached to or integrated
into the tissues during the pre-incubation with EVs. In addition, it is worthy to highlight that the incubation of
the arteries with EV's had no effect in the contractile capabilities induced by acetylcholine following the inhibition
of eNOS (by using L-NAME, Fig. 7E). This result allows discarding the degradation of acetylcholine as a possible
mechanism of the EVs-mediated effect over the endothelium.

The main finding of our study is that the hepatic EV's are carriers of arginase, which can affect pulmonary
vascular function. In agreement with this conclusion, the hepatotoxicant monocrotaline, in a broadly used
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Figure 9. Schematic view of the global metabolic effects caused by hepatocyte-released EVs. Hepatic EVs
can produce fuel molecules (e.g., deoxyinosine), alter oxidative environment (e.g., by changing the levels of
anserine, 5-L-glutamyl-L-alanine, and ascorbic acid). They also reduce the arginine pool and increase the levels
of eNOS inhibitor (N-methyl-L-arginine), affecting the endothelial function. Our findings indicate that the
hepatic EVs transmit, coordinate, and integrate different types of metabolic activity (e.g., the energy, redox, and
endothelial functions) in the extracellular environment. These properties of the EVs might be important for
pathophysiological responses in the local areas and/or distant organs.

model of pulmonary hypertension, increases the levels of both circulating EVs*® and the arginase concentra-
tion in the blood*. Interestingly, an increased arginase activity is also observed in the endothelium of PA from
monocrotaline-treated rats*. Increased arginase expression/activity has also been found in other experimen-
tal models of pulmonary hypertension, including pulmonary hypertension induced by intermittent or chronic
hypoxia®®#, bleomycin®’, and hemolysis®!, as well as in patients with pulmonary hypertension®>%. Our data are
in agreement with the results of these studies, strongly suggesting that an increased breakdown of arginine by
arginase contributes to nitric oxide deficiency and plays a prominent role in the pathophysiology of pulmonary
hypertension.

Conclusions

Hepatocytes secrete small EVs into the extracellular environment that are metabolically active and modify the
levels of blood metabolites associated with the energy and redox metabolisms, and endothelial regulation (Fig. 9).
They are involved in an arginase-dependent mechanism regulating the endothelial function locally and, possibly,
at distant locations.

Materials and Methods

Animal procedures. All animal experimentation was conducted in accordance with Spanish guidelines for
the care and use of laboratory animals, and protocols approved by the CIC bioGUNE Institute and the regional
Basque Country ethical committee (ref. P-CBG-CBBA-3610). The surgery was performed under anesthetic gas
Isoflurane (IsoFLO, Abbott Laboratories), and all efforts were made to minimize the suffering of the animals. Rat
hepatocytes were obtained by liver perfusion of seven male 9-week-old Wistar rats. Briefly, after anesthetized the
rat with isoflurane according to our institutions approved animal protocol, a laparotomy was performed to expose
the liver and portal vein. The portal vein was cannulated for continuous perfusion with 150 ml Leffert’s buffer
(Leftert’s buffer: HEPES 10 mM.KCI 3 mM, NaCl 130 mM, NaH2PO4-H20 mM,glucose 10 mM) with 1 mM
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EGTA. The infrahepatic inferior vena cava was open to allow the flow through. Then 150 ml of Leffert buffer
was perfused and finally 150 ml of Leffert’s buffer containing 30,000 units of collagenase Type I (Worthington
Biochemical Corp, Lakewood, NJ). After removing the catheters from the portal vein, the liver was explanted into
a Petri dish, gently minced with scrapers and filtered through a cell strainer into a 50-mL tube. Hepatocytes were
centrifuged at low speed (10 min at 500 X g) and plated as described below. In addition, from each animal, 1 ml
of blood was collected. The serum was extracted using gel serum separator tubes (BD Microtainer SST Tubes),
and stored at —80 °C until required. For the treatment with hepatotoxicants, 12 male Wistar rats (14 weeks old,
body weight 300-400 g), were maintained in an environmentally controlled room at 22°C on a 12-h light/dark
cycle and provided with standard diet (Rodent Maintenance Diet, Harlan Teklad Global Diets 2014) and water
ad libitum. The rats were randomly allocated to four groups. For the galactosamine (GalN) test, the test group
(n=3) received an intraperitoneal injection of 0.4 g/kg/5 ml of D(+)-galactosamine (2-amino-2-deoxy-D-galac-
tose) hydrochloride (Sigma-Aldrich Chemical Co.). The animals in the control group (n = 3) were injected with
the same volume of saline solution (5ml/kg of 0.9% NaCl sterile). For acetaminophen challenge, the test group
consisted of 3 animals, given acetaminophen (Sigma-Aldrich) orally at a dose of 1.2 g/kg/10 ml. The control group
received the same volume of a mix of 0.25% Xanthan gum in 0.9% NaCl. In all groups, blood samples were col-
lected during the sacrifice, 18 h after the treatment.

Production and purification of small EVs.  To obtain EVs, isolated primary rat hepatocytes were seeded
on collagen-coated 150-mm dishes, at 15-30 million cells per dish. Primary hepatocytes were cultured in com-
plete Dulbecco’s modified Eagle medium medium (DMEM), supplemented with 10% (v/v) of fetal bovine serum
(FBS), 0.1 mg/mL streptomycin, and 100 units/mL penicillin (GIBCO Life Technologies Inc.), for 4h at 37°C and
5% CO,. The cells were washed twice with Dulbecco’s modified phosphate-buffered saline (PBS). Then, they were
incubated for 36 h in 25 mM HEPES/complete DMEM medium, previously depleted of contaminating vesicles
by overnight centrifugation at 110,000 x g*. Hepatotoxic drugs were added to the vesicle-depleted media. The
concentrations employed were 10 mM galactosamine (GalN, Sigma-Aldrich), 10 mM acetaminophen (APAP,
Sigma-Aldrich), or 400 pM diclofenac (DICLOF, Sigma-Aldrich). Afterward, the medium was collected, and EV's
were isolated as previously described®. Briefly, the culture supernatant was centrifuged at 1,500 x g for 10 min to
remove the lifted cells and cellular debris. The resultant supernatant was subjected to filtration on 0.22-pum pore
filters, followed by ultracentrifugation at 10,000 x g and 100,000 x g for 30 min and 75 min, respectively. The
pellet was resuspended in PBS, and again ultra-centrifuged at 100,000 x g for 75 min. The final pellet of small
EVs was resuspended in 150 pL of PBS, and stored at —80°C. For EV characterization, a further purification
step was performed, using a sucrose density gradient separation®. Briefly, a continuous sucrose gradient ranging
from 2.0 to 0.25 M sucrose in HEPES was prepared, and a 50-pg aliquot of isolated EVs was loaded on top. The
samples were centrifuged in an SW40 rotor for 16 h at 100,000 x g. Then, 1-mL fractions were collected from
top to bottom, using an Auto Densi-Flow Density Gradient Fractionator (Labconco, Kansas City, MO, USA).
Each fraction was diluted in 2mL of 20 mM HEPES (pH 7.4), placed in a polycarbonate thick-wall tube (Cat No
362305, Beckman Counter) and centrifuged for 1h at 100,000 x g, at 4°C, in a TLA-110 rotor. The pellets were
resuspended in 25 pL of PBS and split into two portions, for the measurement of the arginase activity and iden-
tification of proteins using Western blotting. To purify EVs from the serum, 1 mL aliquots of serum were diluted
with 2mL of PBS and centrifuged at 10,000 x g for 30 min. The supernatant was further diluted and centrifuged at
100,000 x g for 2h, and the pellet was resuspended in PBS and again ultra-centrifuged. The final pellet was resus-
pended in 50 uL of PBS. Bradford assay, with BSA as a standard, was used for protein quantitation.

EV characterization by electron microscopy and nanoparticle-tracking analysis. For cryo-
electron microscopy, EV preparations were directly adsorbed onto glow-discharged holey carbon grids
(QUANTIFOIL, Germany). Grids were blotted at 95% humidity and rapidly plunged into liquid ethane with
the aid of VITROBOT (Maastricht Instruments BV, The Netherlands). Vitrified samples were imaged at liquid
nitrogen temperature using a JEM-2200FS/CR transmission electron microscope (JEOL, Japan) equipped with a
field emission gun and operated at an acceleration voltage of 200kV. For immunoelectron microscopy, EV prepa-
rations were fixed in 2% paraformaldehyde in PBS and deposited onto Formvar/carbon-coated EM grids. The
vesicle-coated grids were washed twice with PBS (3 min each), twice with PBS/50 mM glycine, and finally blocked
with PBS/0.5% BSA (15 min). Blocked grids were transferred to a drop of PBS/1% BSA containing antibody
against Argl protein and incubated for 2h. The grids were then washed with PBS/1% BSA five times for 3 min,
incubated with 10-nm gold-labelled anti-rabbit secondary antibody in PBS/1% BSA at 4 °C overnight. Afterward,
the grids were washed five times (for 3 min) in 100-pL drops of PBS, stained with 2% uranyl acetate and then
viewed under a JEM-2200FS/CR transmission electron microscope.

Size distribution within EV preparations was analyzed using the nanoparticle-tracking analysis (NTA), by
measuring the rate of Brownian motion in a NanoSight LM10 system (Malvern, U.K.). The system was equipped
with a fast video-capture and particle-tracking software. NTA post-acquisition settings were the same for all
samples. Each video was analyzed to give the mean, mode, and median vesicle size, as well as an estimate of the
concentration.

EV incubation and serum metabolite extraction. A schematic view of the serum and EV incubations
and further metabolomics analysis is provided in Fig. 2. The sera of different animals were pooled, and aliquots
of the same pool were used for all the incubations. Briefly, an Eppendorf tube containing 50 pL of rat serum was
incubated with 5pg (in 20 uL of PBS) of small EV's at 37°C for 1h, in a water bath. In parallel, another aliquot of
50 pL of the same rat serum and a 5-pg aliquot (in 20 uL of PBS) of small EV's were incubated separately at 37°C
for 1 h, cooled down on ice, and pooled immediately. After incubation, 60 pL of each sample was mixed with an
equal volume of a mixture of methanol, water, and formic acid (75/24.9/0.1; v/v/v %). Subsequently, 120 L of
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chloroform was added. The resulting suspensions were manually vortexed (twice for 2 seconds) and sonicated
for 10 min at 4 °C. The solution was further agitated for 30 min at 1,400 rpm and 4 °C in a thermomixer. Next, the
suspensions were centrifuged for 15min at 13,000 rpm and 4 °C. The aqueous and organic phases were separated,
and aliquots of 100 pL of both phases were evaporated to dryness in a speed-vacuum centrifuge. The resulting
pellets were solubilized in 100 pL of a mixture of acetonitrile and water (60/40v/v %). From these suspensions,
60-pL aliquots were used for the analysis. Aliquots of 40 pL of each extraction phase were pooled for quality
control (QC) samples. The samples from the aqueous phase were analyzed first, followed by the samples from the
organic phase. Seven independent replicates of each condition were performed.

Chromatography and mass spectrometry (UPLC-MS). During UPLC-MS analysis, all samples were
stored in an ACQUITY Sample Manager (Waters Inc., Manchester, UK), at 4 °C. For the analysis of aqueous and
organic phases, 2 different chromatographic methods were used, employing an ACQUITY UPLC system (Waters
Inc.). The aqueous extractions were separated on a 100 x 2.1 mm, 1.7 pm, ACQUITY UPLC BEH Amide column
(Waters Inc.) kept at 40 °C. The aqueous mobile phase (A1) consisted of 10 mM ammonium formate in water and
formic acid (99.5/0.5v/v%), and the organic mobile phase (B1) consisted of acetonitrile, water, and formic acid
(99/0.5/0.5v/v/v%). The chromatographic gradient used was as follows: from 20% A1 to 50% A1 for 6 min with a
curved gradient (#9, as defined by the Waters MassLynx software), from 50% A1 to 99% A1l for 2min in a linear
gradient (#6), constant at 99% A1 for 1 min, and back to 20% A1 for 0.1 min (linear). Subsequently, the column
was equilibrated for 2min in 20% A1. The flow rate was 0.25 mL/min and the injection volume was 2 pL.

The organic extracts were separated on a 100 X 1.0mm, 1.7 pm, ACQUITY UPLC BEH C8 column (Waters
Inc.) at 40 °C. The aqueous mobile phase (A2) consisted of water and formic acid (99.9/0.1 v/v %), and the organic
mobile phase (B2) consisted of acetonitrile, water, and formic acid (99.8/0.1/0.1 v/v/v %). The chromatographic
gradient used was as follows: from 50% A2 to 1% A2 for 7min in a linear gradient, constant at 1% A2 for 1.4 min,
and back at 50% A1 for 0.2 min. Subsequently, the column was equilibrated for 3 min in 50% A1. The flow rate was
0.10mL/min and the injection volume was 2 uL.

The mass spectrometer settings were identical for both extraction phases. All samples were analyzed on
a SYNAPT G2 HDMS Time-of-Flight instrument (Waters Inc.) The instrument was operated first in the
ESI+ (electrospray ionization) and next in ESI- mode with capillary voltages of 500 V. The extraction cone volt-
age was 5V and sampling cone voltage was 25 V. The source temperature was 120 °C and the capillary temperature
was 450 °C. Two scan functions were used: one for low collision energy (4 V) and one for high collision energy
(25V). Samples were examined in full scan mode from 50 to 1200 Da. Drift in m/z values was corrected for by
the lock mass of a Leu-enkephalin signal at m/z 556.2771. Both polarities were tuned on the Leu-enkephalin
(intensity 1e5) to an FWHM of 21,000. All data were processed using the MarkerLynx application manager for
MassLynx 4.1 software (Waters Corp., Milford, USA). The LC/MS data were peak-detected and noise-reduced.
A list of intensities (chromatographic peak areas) of the peaks detected was then generated. To identify the sig-
nals that differed between the sera incubated with and without EV's, multiple univariate analysis was performed.
We used the paired ¢-test or Wilcoxon test depending on the normality of the distribution of each metabolite
among the samples. Afterward, the peaks with significant differences between the two groups were manually
re-integrated, and the values were normalized and QC-corrected. A plausible identification based on the calcu-
lated mass, isotopic composition, and fragmentation data was achieved by a search against the metabolite data-
bases Human Metabolome Database (HMDB), METLIN, and Madison Metabolomics Consortium Database. The
positively identified metabolites were further confirmed using the commercial chemical standards. The relevance
of those metabolites in different metabolic pathways was evaluated using KEGG Color Pathway tool (http://www.
genome.jp/kegg/tool/map_pathway2.html).

Western blot analysis.  After the density gradient, 30 uL of PBS-resuspended EVs were mixed with 10 pL of
4 x NuPAGE LDS Sample Buffer (Thermo Fisher Scientific). The samples were incubated for 5min at 37°C, 65°C,
and 95°C, and separated on 4-12% pre-casted gels (from Thermo Scientific, Inc.). For kidney extraction, 50-mg
portions of rat tissue were disrupted in a Precellys homogenizer, in the cell lysis buffer (50 mM Tris-HCI pH 7.5,
300 mM NaCl, 0.1% Triton X-100) containing a cocktail of protease inhibitors (Sigma-Aldrich). The homogenate
was centrifuged, the supernatant collected, and the protein quantified. 10-pg of the protein extract was used in the
Western blot analysis. The samples were transferred to PVDF membranes and blocked for 1h (5% milk and 0.05%
Tween-20 in PBS), the primary antibody was added overnight, followed by PBS wash and the application of sec-
ondary HRP-conjugated antibody. All proteins were detected under non-reducing conditions. Chemiluminescent
bands were detected with Clarity™ ECL Western Blotting Substrate (Bio-rad Laboratories, Inc). Mouse mono-
clonal antibodies were purchased from the following vendors: Mouse monoclonal antibodies against Aip1/Alix,
Rab8 (clone 4/Rab8), and CD63 (clone AD1) were purchased from BD Biosciences; rabbit polyclonal antibody
against CD26 was purchased from Abcam. Armenian hamster anti-mouse CD81 (clone Eat2) was purchased
from Bio-Rad and rabbit polyclonal antibodies against Argl and Arg2, from GeneTex. Mouse monoclonal anti-
body against Hsp70 (clone BRM22) was obtained from Santa Cruz Biotechnology, Inc.

Arginase and GOT (glutamic-oxaloacetic transaminase) activities. To measure the arginase activ-
ity, we employed the Arginase Assay Kit (Sigma-Aldrich Chemical Co.) following the manufacturer’s instruc-
tions. Before the assay, urea was removed from the samples using a 10-kDa Microcon Molecular Weight Cut-Off
Filter (Millipore). The arginase activity values were calculated according to the manufacturer’s instructions and
referenced to the values of their own urea standard to calculate the concentration. GOT activity in the serum
samples was measured using the Infinity™ ALT(GPT) Liquid Stable Reagent (Thermo Scientific), following the
manufacturer’s instructions.
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Dissection of the rat pulmonary artery and recording the vascular reactivity. Secondary branches
of pulmonary arteries (PA; internal diameter <0.8 mm) were dissected free of the surrounding tissue and cut
into rings (1.7-2-mm long). The PA rings were incubated for 2h in 0% FBS DMEM in the absence (control) or
presence of EV suspensions (50 pg/mL). In some experiments, rings were co-treated with the arginase inhib-
itor N“-hydroxy-nor-L-Arginine (NOR-NOHA, 10ng/mL). EV preparations were obtained from six different
rats and incubated with PA rings collected from at least three independent rats. PA rings were mounted in a
wire myograph with Krebs solution bubbled with 95% O,-5% CO,, as previously reported®®. After equilibra-
tion, arterial rings were first stimulated with KCI (80 mM). Then, the endothelial function was assessed in PA
rings pre-contracted with phenylephrine (10~°M), and a cumulative dose-response curve to acetylcholine (ACh,
107 to 107> M) was obtained. Afterward, the vascular rings were washed during a 30-min recovery period and
treated with the endothelial nitric oxide (eNOS) inhibitor L-NAME (L-NG-nitroarginine methyl ester; 10~* M)
for 20 min before exposing them again to phenylephrine (10~°M). The second dose-response curve to ACh was
obtained. Finally, the relaxant effects of sodium nitroprusside (SNP; 10~ to 10~° M) were assessed.

Labeling of EVs with liphophilic fluorophore Dil.  EVs were labeled by using the liphophilic fluorescence
dye, Dil (Molecular Probes) following the manufacture’s instructions. Briefly, EV's were incubated with the dye at
room temperature. After 30 minutes of incubation samples were ultracentrifuged at 100,000 x g for 75 min. Pellets
were washed with PBS and again ultracentrifuged at 100,000 x g for 75 min. Labelled-EV's were resuspended in
PBS. In parallel same volume of the dye was incubated in the absence of EVs and subjected to same incubation
periods, ultracentrifugation and wash steps previously described. This latter sample was used to control the residual
non-vesicular incorporated Dil label that could be co-purified during the ultracentrifugation process.

Analysis of the incorporation of hepatic EVs into endothelium of pulmonary artery.  Arteries were
dissected and incubated with Dil-labeled EV's or residual-Dil control for 2-hours, then fixed with 2%-Formaldheyde,
PBS-washed and included in OCT for histological analysis. Sections of 10 microns were mounted on DAPI-containing
Fluoromount G (Southern Biotech) and analyzed in a Leica Confocal Microscopy. Elastin autofluorescence was trig-
gered by 488 nm laser line. All images were taken under same conditions and magnification.

Statistics. Principal component analysis (PCA) of metabolomics data was performed using R-software. The
first three principal components were plotted, representing the most important metabolic variation in the samples
captured by the analysis. Univariate analysis was performed by applying paired ¢-test or Wilcoxon test depending
on the normality of the distribution of each metabolite among the samples. Arginase activities in the two groups,
with or without arginase inhibitor, were compared using the t-test (Fig. 4). ANOVA was performed to compare
the groups shown in Figs 6 and 7.
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